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ABSTRACT
HIV-1 reverse transcriptase (RT) is a multifunctional enzyme that is targeted by nucleoside analogs (NRTIs) and non-
nucleoside RT inhibitors (NNRTIs). NNRTIs are allosteric inhibitors of RT, and constitute an integral part of several highly
active antiretroviral therapy regimens. Under selective pressure, HIV-1 acquires resistance against NNRTIs primarily by
selecting mutations around the NNRTI pocket. Complete RT sequencing of clinical isolates revealed that spatially distal
mutations arising in connection and the RNase H domain also confer NNRTI resistance and contribute to NRTI resistance.
However, the precise structural mechanism by which the connection domain mutations confer NNRTI resistance is poorly
understood. We performed 50-ns molecular dynamics (MD) simulations, followed by essential dynamics, free-energy land-
scape analyses, and network analyses of RT-DNA, RT-DNA-nevirapine (NVP), and N348I/T369I mutant RT-DNA-NVP com-
plexes. MD simulation studies revealed altered global motions and restricted conformational landscape of RT upon NVP
binding. Analysis of protein structure network parameters demonstrated a dissortative hub pattern in the RT-DNA complex
and an assortative hub pattern in the RT-DNA-NVP complex suggesting enhanced rigidity of RT upon NVP binding. The
connection subdomain mutations N348I/T369I did not induce any significant structural change; rather, these mutations
modulate the conformational dynamics and alter the long-range allosteric communication network between the connection
subdomain and NNRTI pocket. Insights from the present study provide a structural basis for the biochemical and clinical
findings on drug resistance caused by the connection and RNase H mutations.
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INTRODUCTION
HIV-1 reverse transcriptase (RT) catalyzes the copying
of the viral single-stranded (ss) RNA genome into
double-stranded DNA (dsDNA). RT is an asymmetric
heterodimer consisting of two subunits of molecular
mass 66 (p66) and 51 kDa (p51).1,2 The p66 subunit
contains a DNA polymerase domain and a ribonuclease
H (RNase H) domain. The polymerase activity is respon-
sible for DNA synthesis complementing an RNA or DNA
template, and the RNase H activity cleaves the RNA
strand of an RNA/DNA duplex. The polymerase domain
anthropomorphically mimics a right hand that consists
of fingers, palm, thumb, and connection subdomains.3
The p51 subunit is derived by proteolytic cleavage of the
C-terminal RNase H domain from a p66 chain. The
subdomains in the p51 subunit are arranged differently
compared to the organization in p66, and p51 subunit
largely plays a structural role. Half of the FDA-approved
anti-AIDS drugs target RT; these comprise eight
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nucleoside/nucleotide RT inhibitor (NRTIs) and five
non-nucleoside RT inhibitors (NNRTIs). NRTIs are
incorporated into the growing viral DNA strand by RT
and act as chain terminators, whereas NNRTIs are allo-
steric inhibitors of HIV-1 RT.
RT undergoes conformational changes to carry out its
functions. An NNRTI binds to a hydrophobic pocket
adjacent to the polymerase active site and allosterically
inhibits DNA polymerization. Nevirapine (NVP), a
dipyridodiazepinone derivative, was the first clinically
approved NNRTI drug; NVP serves as a prototype for
this class of inhibitors. An NNRTI inhibits RT by
restricting the conformational adaptability of the
enzyme.1 Therefore, it is important to understand the
impact of an NNRTI on the dynamic states of RT. Sev-
eral molecular dynamics (MD) studies of RT and RT-
NNRTI complexes have been carried out in the past. A
multi-copy MD simulation study of RT-NVP binary
complex4 favored the “molecular arthritis model”1 of
NNRTI inhibition, that is, the binding of an NNRTI
restricts the flexibility of thumb. In contrast, a long-
range MD simulation study of an RT-efavirenz binary
complex suggested that the thumb subdomain also folds
down into the nucleic acid-binding cleft of RT.5 How-
ever, experimental structures have not revealed the exis-
tence of such a thumb-down conformation of an RT-
NNRTI complex, and such a transient state would not
permit the binding of nucleic acid. The flexibility of RT
is highly dependent on its liganded state. MD simula-
tions of RT-NNRTI complex and unliganded (apo) RT
revealed that apo-RT samples a larger conformational
space, which is restricted upon the binding of an
NNRTI.6 A recent 2.3 ls time scale MD simulation of
apo RT revealed an extended conformation of the fingers
and thumb domain,7 which was not evident earlier. Fur-
ther the NNRTI pocket, which is inexistent in apo RT
structures, did not open up even at such long timescale.
This finding favors an “induced fit” mechanism-driven
NNRTI binding at the time scale observed. A Gaussian
network model based coarse-grained dynamics study of
RT in the presence and absence of an NNRTI suggested
that RT undergoes large-scale cooperative motion, and
the binding of an NNRTI induces suppression of mobil-
ity of the p66 thumb.8 Later, an anisotropic network
model (ANM)-based elastic network modeling study
proposed that changes in the direction of domain move-
ments rather than suppression of domain motions are
responsible for inhibition by an NNRTI.9 Another study
combining ANM and clustering of X-ray crystal struc-
tures of HIV-1 RT proposed that hydrophobic core
mutations rescue the active-state dynamics of RT.10
Experimental biophysical studies have also probed the
effects of NNRTI binding on the dynamic states of RT
and RT-nucleic acid complexes. A hydrogen-deuterium
exchange coupled with mass spectrometry (HDX MS)
study of apo RT11 and RT-efavirenz binary complex
revealed that binding of efavirenz reduces the flexibility
of multiple regions of RT, and that allosteric impacts of
the NNRTI binding are propagated to the distant RNase
H domain and the p51 subunit.12 A single molecule
FRET study of RT-DNA (or RT-RNA/DNA) complex
showed that (i) RT constantly flips and slides over a
double-stranded nucleic acid, (ii) binding of a dNTP sta-
bilizes RT-nucleic acid complex in a polymerase-
competent mode, and (iii) binding of an NNRTI enhan-
ces the switching frequency of RT, presumably by loosen-
ing the fingers–thumb clamp that grasps the nucleic
acid.13,14 Functions of RT at the molecular level are
often accompanied with changes in conformation;15
therefore, it is important to assess the impacts of NNRTI
binding on the dynamic states of an RT-nucleic acid
complex.
Resistance to existing drugs is a critical problem in the
treatment of HIV-1 infections. Primary NRTI-resistance
mutations either facilitate discrimination of drugs from
dNTP substrate (exclusion) or help removal of an incor-
porated NRTI from the DNA primer (excision).16 The
set of mutations that enhance excision are called thymi-
dine analog mutations or excision-enhancing mutations
(EEMs).17 Mutations in and around the NNRTI pocket
emerge to confer resistance to NNRTIs by either reduc-
ing the binding or altering the dynamics of entry/exit of
a drug.18 Earlier clinical isolates were generally
sequenced only for the fingers and palm subdomains.
Relatively recent sequencing of complete RT from clinical
isolates revealed that mutations in the spatially distant
connection subdomain and RNase H domain also con-
tribute to NRTI and NNRTI resistance.19–21 The con-
nection mutations N348I or T369I in combination with
primary EEMs or NNRTI-resistance mutations enhance
NRTI or NNRTI resistance, respectively21,22. Also, the
N348I/T369I combination reduces the susceptibility of
NNRTIs, and reduces replication capacity of RT.22 The
double mutant confers as high as 60-fold resistance to
NVP. Although several biochemical and kinetic studies
have focused on understanding the mechanism by which
the connection mutations confer resistance to
NNRTIs,23–25 the structural roles of these mutations in
imparting resistance largely remains elusive. Therefore,
understanding of (i) the overall structural consequence
of the connection mutations N348I and T369I on RT,
and (ii) how these spatially distant mutations trigger
NNRTI and NRTI resistance have important functional
implications.
Here, we report an MD study of RT-DNA, RT-DNA-
NVP26, and N348I/T369I mutant RT-DNA-NVP com-
plexes. The study was carried out (i) to understand the
conformational dynamics of RT-DNA complexes, (ii) to
elucidate if the RT-DNA-NVP complex would access a
catalytically competent conformational state during the
course of the simulation, and (iii) to explore plausible
long-range impacts of the connection subdomain
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mutations in enhancing drug resistance. To our knowl-
edge, this is the first MD simulation study of an RT-
DNA-NNRTI ternary complex or of an RT complex
carrying clinically relevant connection subdomain muta-
tion. MD simulations coupled with dynamic protein
structure network (PSN) analyses provide a molecular
level understanding of allosteric networks in RT.
MATERIALS ANDMETHODS
Initial coordinates and MD system setup
The crystal structure of RT-DNA-NVP (PDB: 3V81)26
that represents a polymerase incompetent state served as
a ternary complex for our simulation study, and the clin-
ically relevant connection subdomain mutations N348I
and T369I were introduced computationally into the
crystal structure of RT-DNA-NVP complex to generate
the starting model of the N348I/T369I RT-DNA-NVP
complex. The crystal structure of RT-DNA-dTTP (PDB:
1RTD)27 that represents a polymerase competent state
was used to construct a binary complex of RT-DNA by
removing the incoming dTTP substrate. This catalytic
RT-DNA state is structurally and functionally different
from the polymerase-incompetent state of RT-DNA in
the presence of an NNRTI.
Swiss PDBV tool28 was used for modeling the muta-
tions, by optimizing the rotamer based on the lowest
clash score. The coordinates for the non-resolved (p51
loop 218–230) region were assigned manually by copying
coordinates from the crystal structure of RT-DNA-RNA
(PDB: 1HYS)29 after appropriate structural superposi-
tion. The mutated residue Q258C and the non-standard
nucleotide bases engineered for cross-linking were
reverted to standard residue and nucleotide, respectively.
The crystallographic waters were removed, and hydro-
gens were added using pdb2gmx tool of Gromacs30
assuming a dominant protonation state for the titratable
residues. The crystallographic coordinates of the Mg21
ions present in RT-DNA complex (1RTD) were retained.
However, crystal structure of RT-DNA-NVP and N348I/
T369I RT-DNA-NVP did not contain active site metal
ions (Mg21), pertaining to the experimental observations
that no metal ion binds to the catalytic aspartate when
RT is complexed with an NNRTI31.
NVP was parameterized according to generalized amber
force field (GAFF) parameters32 using ACPYPE,33 a pro-
gram that uses a Python parser as an interface for the
Antechamber program. Single point AM1-BCC partial
charges34 for the bound NVP were computed using Chi-
mera.35 All-atom MD simulations were performed in
GROMACS (version 4.5.4)30 using the Amber 03 force
field.36 The system was solvated using the TIP3P water
model37 in a dodecahedral cell keeping a minimum dis-
tance of 9 A˚ between the solute and each face of the box.
The total charge was neutralized by the addition of coun-
ter ions. An ionic concentration of 0.15 M NaCl, which
mimics a physiological concentration, was maintained.
Leap-frog algorithm was employed for integrating
Newton’s equation of motion. A modified Berendsen ther-
mostat38 and a Parrinello–Rahman barostat39 were
employed for temperature and pressure coupling, respec-
tively. Long-range electrostatic interactions were calcu-
lated using particle mesh Ewald40 method, and the non-
bonded interactions were truncated at 12 A˚ cutoff. The
time step for integration was 2 fs, and the coordinates of
all atoms were written out every 2 ps for analysis. Holo-
nomic bond constraints were employed using the LINCS
algorithm.41
Prior to simulation, the system was energy minimized
using 3000 steps of steepest descent. A 200-ps NVT equilibra-
tion followed by 200 ps of NPT equilibration (300 K, 1 bar;
Berendsen coupling scheme), with initial velocities assigned
randomly from a Maxwell–Boltzmann distribution, was car-
ried out to allow the solvent to equilibrate around the solute.
A 50-ns NPT production simulation run was initiated from
the final snapshot of the equilibration run.
Essential dynamics (ED) by PCA
The essential subspace representing the most correlated
dominant motions that are fundamental to the activity
of the protein was sampled using essential dynamics.
Essential dynamics42 uses a multivariate statistical
approach termed principal component analysis (PCA) to
extract ‘essential’ motions from a trajectory fitted to a
reference structure with all the translational and rota-
tional motions removed. The internal motion in the tra-
jectory is mathematically represented as X(t), where X
represents the 3N-dimensional column vector of the
atomic coordinates. A variance–covariance matrix of
positional fluctuations is constructed
Cij5hðxi2hxiiÞðxj2hxjiÞi (1)
where x1; x2; x3; . . . ; xn are the mass-weighted Cartesian
coordinates of an N particle system and h i denotes an
ensemble average over the time frames, and C represents
the symmetric matrix. The symmetric 3N 3 3N matrix
(C) thus obtained is diagonalized by an orthogonal coor-
dinate transformation matrix (R).
RTCR5diagðk1;k2; . . . kn;Þ; where k1  k2  k2     k3n;
(2)
k signifies the diagonal elements (eigenvalues) of the
matrix and the columns of R represents the eigenvectors
(principal modes). The eigenvalues k correspond to the
mean-square fluctuation, and describes the magnitude of
motion, while eigenvector describes the direction of
motion and RT is the transpose of R. In general, the
eigenvectors are sorted based on decreasing order of
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eigenvalues, and the top principal modes (eigenvectors)
account for the collective global motions in the system.
The motion described by a principal mode can be
visualized by projecting the trajectory on the principal
modes to yield the principal coordinates.
q5RTðXðtÞ2hXiÞ (3)
Essential dynamics was carried out using the backbone
atoms, to overcome apparent artificial correlations result-
ing from fast side-chain movements. The extreme
motions obtained by projecting the first eigenvector onto
each trajectory served as input for the program Dyn-
Dom,43 which identifies dynamic domains, hinge axes,
and hinge-bending residues.
Characterization of energy landscape
A protein in solution exists as a dynamic ensemble of
inter-converting conformations. Conformational analysis
provides insights for structural transition and helps identify
distinct conformational basins that help in establishing
structure–function relationship. Such landscapes could
unravel meta-stable states that have not been observed
experimentally. However, computing free energy landscapes
(FELs) as a function of 3N-6 coordinates is computation-
ally prohibitive. Hence, a low-dimensional FEL calculation
was carried out using the first two principal components
obtained from individual trajectories. The first two PCs of
the respective systems served as reaction coordinates to
generate a two-dimensional FEL plot. This was imple-
mented using the g_sham module of Gromacs.30
Ga5 2kT ln
PðqaÞ
PmaxðqÞ (4)
where k is the Boltzmann constant, T is the temperature
of simulation, P(qa) is an estimate of the probability
density function obtained from a histogram of the MD
data, and Pmax(q) is the probability of the most popu-
lated state. Using the projections of the trajectory along
the first and second principal components (PC1, PC2) as
reaction coordinates (qi and qj), a joint probability distri-
bution P(qi,qj) of the system was obtained.
Dynamic cross correlation maps
Cross-correlated fluctuations between any two pair of Ca
atoms were calculated by the Bio3D package44 using the
equation
Cij 5
hDri:Drjiﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
hDr2i i hDr2j i
q (5)
where i and j correspond to any two Ca atoms, displace-
ment vectors Dri and Drj represents the displacement of
the ith atom and jth atom from their mean positions,
and the symbol h i represents the ensemble average
over the entire trajectory. The magnitudes of all pairwise
cross-correlation coefficients are obtained as a matrix
and are graphically represented as a dynamic cross-
correlation (DCC) map. The fluctuations are designated
as completely correlated (same period and phase) if
C(i, j) 5 1, completely anti-correlated (same period but
opposite phase) if C(i, j) 5 2 1.
PSN analysis
The network paradigm perceives each amino acid in the
protein structure as a node and the strength of the non-
covalent interactions between the node pair as links
(edges). The weights (interaction strength) for the edges
were computed for all frames constituting the MD trajec-
tories using the equation
Iij5
nijﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
NiNj
p 3100 (6)
where Iij is the strength of the interaction between resi-
due i and j, nij is the number of distinct atom pairs
between residues i and j coming within a distance of 4.5
A˚, and Ni and Nj are the normalization factors (NF) for
residues i and j, which take into account the differences
in size of the different nodes and their propensity to
make the maximum number of contacts with other
nodes in protein structures.45 Each node pair with an Iij
value greater than or equal to a given Imin cutoff is con-
nected by an edge. At high Imin cutoffs, only nodes with
high numbers of interacting atom pairs will be connected
by edges, an indication of stronger inter-residue interac-
tions. Multiple protein structural networks were con-
structed by varying Imin cutoffs (3, 3.5, and 4 A˚) to
identify hubs (nodes having high degree of connectivity).
The percentage of interaction in a hub is quantified
using the formula
Ii 5
nij
Ni
3100 (7)
where Ii is the hub interaction percentage of node i, nij
is the number of side-chain atom pairs within a given
distance cutoff, and Niis the NF of residue i. The net-
works thus obtained at various Imin cutoffs were analyzed
for cliques, communities, hubs, and communication
pathways. The shortest non-covalently connected path(s)
between a selected pair of residues in a trajectory was
calculated using Dijkstra’s algorithm.46 Identification of
the shortest path involves a search for all possible short-
est paths between the selected residues from the PSN fol-
lowed by identification of an optimal path that contains
at least one dynamically correlated residue with the
selected pair. PSN analysis was carried out using
R. S. K. Vijayan et al.
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Wordom,47 hubs in the network were visualized using
xPyder,48 cliques and communities in networks were
identified using CFinder,49 and other associated net-
work parameters were computed using Cytoscape.50 It
should be noted that nucleic acid was not considered
for network analysis, because the underlying nucleic
acid recognition mechanism in HIV-1 RT is an indirect
readout mechanism, which is dependent on its shape
rather than sequence. A recent kinetic study in the
absence of a nucleic acid has experimentally demon-
strated a reduced binding of NVP to RT by N348I
mutation.25 Accordingly, it was presumed that allosteric
signaling path in RT is predominantly independent of
the nucleic acid.
RESULTS ANDDISCUSSION
MD simulations of RT-DNA, RT-DNA-NVP,
and N348I/T369I RT-DNA-NVP complexes
We carried out 50-ns simulations of RT-DNA (PDB:
1RTD),27 RT-DNA-NVP (PDB: ID 3V81),26 and the
connection subdomain double mutant N348I/T369I
RT-DNA-NVP structures, under conditions described
in the experimental section. The starting model of the
N348I/T369I complex was obtained by introducing the
mutations in both the p66 and p51 subunits of
RT-DNA-NVP structure. Comparative analysis of the
trajectories of RT-DNA versus RT-DNA-NVP and RT-
DNA-NVP versus N348I/T369I RT-DNA-NVP were
carried out for understanding how NVP binding alters
the dynamics of RT and how the distal mutations in
the connection subdomain contribute to NVP resist-
ance, respectively. The RT-DNA cross-link was removed
to allow unrestrained motion during the course of
simulation. The structural stability of each MD trajec-
tory was ascertained by analyzing RMSD (Supporting
Information Fig. S1A) and radius of gyration (Rg, an
indicator of protein compactness) plots (Supporting
Information Fig. S1B). The RMSD of the protein back-
bone with respect to the corresponding starting X-ray
structure revealed an initial spike of 3 A˚ within the
first 5 ns of MD simulation, after which all the three
systems remained stable throughout the simulation.
Hence, 5–50 ns trajectories were adopted for the pro-
duction stages. Rg remained largely constant through-
out the course of the simulation suggesting no loss in
structural compactness or structural meltdown (Sup-
porting Information Fig. S1B).
Structural rearrangements in HIV-1 RT were analyzed
on pico to nano second time scales. The p51 subunit was
relatively rigid during the course of MD simulation for
all three complexes, whereas the p66 subunit exhibited
significant flexibility (Supporting Information Fig. S1C).
Therefore, all of the structural elements discussed here-
after are in p66 unless otherwise stated. The root-mean-
square fluctuations computed from MD simulations were
translated to simulated B-factors using a transformation
B5
8p2
3
3ðRMSFÞ2 (8)
A high degree of correlation in their relative magni-
tudes when compared with crystallographic B-factor,
indicates that the MD simulation recapitulates the inher-
ent flexibility in RT (Supporting Information Fig. S2).
The mean standard error for the computed B-factors
were determined using a block averaging approach.
Dynamic cross-correlated motion between Ca atom
pairs was used to identify regions of RT that undergo
concerted motions. Residue pairs with correlations
greater than 60.5 were considered to be significant and
are highlighted in the DCC maps provided in (Support-
ing Information Fig. S3). DCC analysis revealed subtle
changes in correlated and anti-correlated motions among
the subdomains and domains of RT upon NVP binding.
A correlated motion between the two segments of the
fingers subdomain was evident in both RT-DNA and RT-
DNA-NVP complexes. This correlation may represent the
dynamic motion of the fingers that opens and closes to
bind a dNTP.27 The extent of correlation/anti-correlation
is greatly enhanced in N348I/T369I RT-DNA-NVP com-
plex, indicating that these connection mutations have
pronounced effects on the dynamic states of RT. A weak
anti-correlated motion between fingers and thumb sub-
domains that appeared upon NVP binding was further
enhanced in the N348I/T369I RT-DNA-NVP complex
(Supporting Information Figs. S3B, S3C). Additionally,
the N348I/T369I RT-DNA-NVP complex displayed an
anti-correlated motion between fingers and RNase H,
which implies that N348I/T369I mutations propagate
changes in structure and mobility well beyond its imme-
diate vicinity. Such long-range structural impacts may
help in assessing the role of the connection mutations in
developing resistance to both NRTIs and NNRTIs.19–21
A detailed study of long-range allosteric perturbations
and communication pathways in RT is discussed later.
NNRTI binding and structural
rearrangements of the polymerase domain
Structural rearrangements and conformational transi-
tions orchestrate the biochemical functions of RT.11,14–
16 Therefore, an analysis of the structural rearrangements
within the polymerase domain was carried out in the
course of MD simulations. The relative separation
between the thumb and fingers subdomains defines the
opening and closing of the clamp that holds and posi-
tions a dsDNA or RNA/DNA template-primer at the
polymerase active site. The precise positioning of the
primer 30 -end with respect to the polymerase active site
(D110, D185, and D186) is required for the catalytic
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addition of a nucleotide. To assess the structural impacts
of NVP binding on RT, we computed the relative distan-
ces between the (i) centers of mass of fingers and thumb
and (ii) the centers of mass of the polymerase active site
residues and the primer 30 -end nucleotide for the entire
length of the simulations. The separation between thumb
and fingers fluctuates about a mean distance of 43 A˚ in
the polymerase-competent RT-DNA complex suggesting
a stable interaction between RT and nucleic acid [Fig.
1(A)]. The fingers–thumb separation in RT-DNA-NVP
complex reached a maximum around 10–15 ns time-
scale, and this state mimics the thumb hyper-extended
conformation observed in the X-ray structures of RT-
NNRTI binary complexes. A probability density distribu-
tion plot [Fig. 1(B)] of fingers–thumb separation
revealed a unimodal distribution with a peak value at
43 A˚ for RT-DNA, and a peak at 47 A˚ for RT-DNA-
NVP complex and a bimodal distribution with two peaks
at 42 and 45 A˚ for N348I/T369I RT-DNA-NVP
complex. Superposition of the MD ensemble structures
of RT-DNA-NVP complex [Fig. 1(C)] demonstrates that
the cleft could adapt conformational states, as seen in
RT-DNA complex.
Opening of the cleft essentially results in loss of non-
bonded interactions between nucleic acid and RT. The
average interaction energy, Einteraction (Evdw 1 Eele),
between RT and dsDNA was computed for the RT-DNA
and RT-DNA-NVP complexes; Einteraction of 2452 6
29.82 kcal/mol for the RT-DNA-NVP and 2528 6 45.24
kcal/mol for the RT-DNA complex, respectively, indicates
that the interaction between RT and DNA is decreased
upon NVP binding. This loss of interaction is consistent
with the single molecule FRET study that demonstrated
loosening of the fingers–thumb clamp and enhanced dis-
sociation of nucleic acid from RT upon NVP binding13.
Crystal structure of the RT-DNA-NVP complex
showed that the binding of NVP repositions the primer
30 -end away from the polymerase active site.26 In order
Figure 1
Opening and closing of the cleft between the fingers and thumb subdomains during the course of MD simulations. (A) The distance between the
centers of mass (COM) of fingers and COM of thumb subdomains in the course of 50-ns MD simulations of RT-DNA (black), RT-DNA-NVP
(red), and N348I/T369I RT-DNA-NVP (green) structures. (B) Distribution profile based on fingers–thumb separation distance. (C) Ensembles of
fingers and thumb positions obtained from the MD simulation of the RT-DNA-NVP complex show the flexibility of the thumb and finger subdo-
mains. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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to find if the 30-end can assume a catalytically-
competent conformation, we analyzed the relative posi-
tioning of the primer terminal nucleotide with respect
to the polymerase active site in the course of MD sim-
ulation [Fig. 2(A)]. The distance remained relatively
constant at 8.4 A˚ during the MD simulation of RT-
DNA, representing a state compatible for dNTP bind-
ing and nucleotide incorporation. Simulations of RT-
DNA-NVP and N348I/T369I RT-DNA-NVP complexes
revealed that in NVP-bound structures, the primer 30-
end did not reach the active site at any instant of sim-
ulation (Fig. 2). The inability of the primer terminus
to attain a polymerase-competent state during the MD
simulations of RT-DNA-NVP complexes suggests that
the conformational restriction imposed upon NNRTI
binding is a primary mechanism of inhibition. Addi-
tionally, the side chains of the catalytic aspartates
(D110, D185, and D186) sampled distinct sets of dihe-
dral conformations in the simulations of NVP-bound
versus unbound structures, which may correlate with
the fact that no metal chelation is observed at the
polymerase active site in any of the reported structure
of RT-NNRTI complexes.31 A dNTP binds to the RT-
DNA complex at the active site (N site) by (i) base
stacking with the nucleic acid, (ii) base pairing with
the template overhang, and (iii) metal chelation of the
triphosphate group. The inability of the nucleic acid to
reach the active site and the inability of the active site
to chelate metal ions suggests that a dNTP would not
be able to bind at the N site when RT is bound to an
NNRTI. A recent kinetic study using an incremental
isothermal titration calorimetry technique revealed that
dNTPs in fact do not bind to RT-DNA-NNRTI com-
plexes.51 Overall, analysis of our MD simulations
revealed that binding of an NNRTI has multiple
effects, primarily caused by repositioning of the primer
grip and distortion of the active site triad; however,
the fingers subdomain remained flexible in the RT-
DNA-NVP complexes (Supporting Information Fig.
S1C).
Figure 2
Probing the catalytically-competent states of RT as a function of its distance between the polymerase active site and the primer 30-terminal nucleo-
tide during the course of MD simulations. (A) The distance between the COM of the primer 30-end nucleotide and the COM of the polymerase
active site. (B) Polymerase active site of the RT-DNA complex is in a catalytically competent mode. In the RT-DNA-NVP complex (C) or N348I/
T369I mutant RT-DNA-NVP complex (D), the distance between the polymerase active site and the primer terminal nucleotide is increased. The
distances listed in figure panels B, C, and D are the average distance calculated from panel A. At any instance of the simulation, the nevirapine-
bound complexes the distance did not attain a value comparable to that observed in a catalytically-competent structure. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Essential dynamics analysis and global
motions of RT
PCA-based essential dynamics42 was used for extract-
ing large-scale concerted motions from the MD trajecto-
ries. The cumulative fraction of variance explained by
the first 10 PCs are shown in Supporting Information
Fig. S4. The first 10 PCs accounted for 24.7, 28.8, and
44.2% of the total variance in conformational dynamics
seen in RT-DNA, RT-DNA-NVP, and N348I/T369I RT-
DNA-NVP complexes, respectively. Comparison of the
essential subspace spanned by RT-DNA versus RT-DNA-
NVP trajectory and RT-DNA-NVP versus N348I/T369I
RT-DNA-NVP trajectory were carried out by cross pro-
jecting one set of eigenvectors onto another in a 2D
plane (Supporting Information Fig. S5). The cross pro-
jections shows that the essential eigenvectors obtained
from RT-DNA and RT-DNA-NVP trajectories have some
overlap (Supporting Information Fig. S5), indicating that
the RT-DNA-NVP complex samples a part of the essen-
tial space seen in RT-DNA complex. Similarly, cross pro-
jection of the RT-DNA-NVP trajectory over the mutant
N348I/T369I RT-DNA-NVP trajectory reveals a larger
spread, indicative of an enhancement in sampling space
of the mutant form.
Cosine content analysis52 was carried out using g_ana-
lyze tool of gromacs to check for convergence using the
top 10 eigenvectors and their values are reported in SI
Table 1. A high cosine content value was obtained for
RT-DNA and RT-DNA-NVP complexes spanning the
entire 5–50 ns time; however, cosine content values cal-
culated for 5–25 ns and 30–50 ns reveled low values,
which lead us to conclude that the high cosine content
obtained from 5 to 50 ns is not indicative of random dif-
fusion, but rather due a conformational transition to
another metastable state. The RMSD plot (Supporting
Information Fig. S1A) also corroborates a structural
transition occurring between 31 and 33 ns time scale
for RT-DNA complex and around 12–15 ns time scale
for RT-DNA-NVP complex. It should also be noted that
a low cosine does not ensure convergence.52 Arguably,
our MD trajectories indicate that sampling has been
adequate to validate the dynamics at the observed time-
scale, but does not guarantee convergence. In general,
quantitative estimation of convergence requires longer
simulation time, but how long is clearly unpredictable.53
For a complex and flexible system like RT, convergence
may not even be conceivable at currently attainable time-
scales (ls second simulation of RT using Anton7).
The extreme conformations obtained from principal
component 1 (PC1) were used to perform a rigid body
analysis using DynDom43 that identifies dynamic
domains, hinge axes, and hinge-bending regions. Dyn-
Dom analysis of the global motion derived from PC1 for
RT-DNA revealed an axis associated with the closing and
opening of fingers (SI Movie 1). The closing and open-
ing of the fingers is essential for binding of dNTP, release
of pyrophosphate, and translocation of nucleic acid. For
example, a single molecule fluorescence study of T7
DNA polymerase revealed that the fingers fluctuation is
associated with the binding of a correctly base-paired
dNTP.54 Like other DNA polymerases, HIV-1 RT also
requires the closing and opening of the fingers subdo-
main.27 Our MD simulations seemingly captured the
swivel motion of closing and opening of fingers in all
three structures. However, the directions and amplitudes
of the open/close motions of the fingers were different
for each of the three complexes (Movies S1, S2, S3). The
fingers subdomain swiveled approximately 21 and 25
about their respective axes in RT-DNA and RT-DNA-
NVP complexes, whereas this motion was restricted to
5 in the N348I/T369I RT-DNA-NVP complex.
A second hinge axis (axis 2) was identified for the RT-
DNA-NVP and N348I/T369I RT-DNA-NVP complexes
(Movies S2, S3), and the axis passed through the
NNRTI-binding site. This hinge axis represented an en
bloc bending motion of a large segment of RT including
connection and RNase H. This hinge-bending motion is
responsible for repositioning of the RNase H domain
with respect to the polymerase active site; a maximum of
14 and 10 rotation about axis 2 was observed for RT-
DNA-NVP and N348I/T369I RT-DNA-NVP complexes,
respectively; no significant rearrangement of the RNase
H domain was evident in the course of simulation of the
RT-DNA complex. The motion about axis 2 may account
for the altered RNase H cleavage specificity upon NVP
binding55.
DynDom analysis also predicted a third hinge axis for
the N348I/T369I RT-DNA-NVP complex only. This axis
traversed through the p51 subunit, and the hinge motion
caused p51 subunit to swivel by 10 and repositioned
the RNase H domain (Movie S3). Although the N348I/
T369I mutations were present in both subunits, axis 3
passes through a region adjacent to the mutation sites in
p51. Therefore, we speculate that the mutations in p51
might have a larger impact on RNase H activity. This is
in agreement with a subunit-specific kinetic study of
N348I-mutant RT showing that the mutation in the p51
subunit decreases RNase H activity.25 A recent study
hypothesized that the loss of a hydrogen bond between
N348 and Y427 in p51 by N348I mutation may be
responsible for the decreased RNase H activity by the
mutant RT.56 The effects of the N348I/T369I mutations
in both subunits are discussed in “Network analysis”
section.
Characterization of the energy landscape
Apart from understanding the structural dynamics of
HIV-1 RT, it is equally important to elucidate the energy
landscape of RT in the three complexes. In general, inter-
nal motion of a protein in solution is driven
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thermodynamically, which allows sampling of metastable
states in the process of overcoming an energy barrier.
Hence, a conformational space based low-dimensional
FEL of individual system was generated using PC1 and
PC2 as reaction coordinates57 (Fig. 3). It should be
noted that the low-dimensional FEL representations
might not be precise enough for identifying free-energy
barriers and metastable states accurately;58 however,
these representations can be extremely useful to describe
the energy landscape and the conformational characteris-
tics of RT in different basins.
The energy landscape for each complex differ signifi-
cantly from the other two, which is indicative of confor-
mational heterogeneity exhibited by RT in the three
different complexes. The FEL of RT-DNA revealed a
rugged surface59 with three distinct minima [Fig. 3(A)].
On the contrary, the RT-DNA-NVP complex was trapped
in a single energy basin with a broad and relatively
smooth FEL [Fig. 3(B)]. Such a reduction in the
accessible conformational freedom of RT might generate
a drastic decrease in entropy. This finding is in agree-
ment with a recent HDX study that revealed large-scale
rigidification of RT in the presence of efavirenz.12 The
HDX study of apo RT11 showed that the palm, thumb,
connection, and the RNase H domain were significantly
more flexible in solution than that expected from crystal
structures. This enhanced flexibility of RT in solution
may account for the multiple minima evinced in the FEL
of RT-DNA complex [Fig. 3(A)]. Rigidification of RT
upon binding of an NNRTI appears to be responsible for
the conformational biasing of RT to a highly populated
single energy state as revealed from the FEL plot [Fig.
3(B)]. A shift in the ensemble population of the RT-
DNA complex to a single energy state upon binding of
NVP reaffirms the conformational bias imposed by
NNRTI binding, which forbids the RT-DNA complex
from sampling functionally relevant conformational
states.12 On a related note, MD studies on HCV RNA
polymerase have also identified attenuation of motions
upon inhibitor binding.60 Congruence in global motions
Figure 3
Free energy landscape obtained by projecting the individual trajectories on to their respective principal components (PC1 and PC2). Free energy
landscape of RT-DNA (A), RT-DNA-NVP (B), and N348I/T369I mutant RT-DNA-NVP (C) complexes. Representative conformations of RT from
each major low energy basin are plotted below. The conformational states of RT corresponding to individual basins are shown; the time scale and
rmsd from the starting structures are listed.
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hints towards a conserved mechanism among viral poly-
merases. Similar population shifts in energy landscape
upon ligand binding have also been observed for other
proteins.61,62
The FEL analysis of the N348I/T369I RT-DNA-NVP
complex [Fig. 3(C)] was surprisingly distinct from that
of RT-DNA-NVP, which suggested that the connection
mutations may alter the conformational dynamics of the
RT-DNA-NVP complex. An analysis of the NNRTI
pocket volume using MDpocket software63 over the
course of the MD simulations revealed no significant
changes in the pocket volume of the mutant versus wild-
type complex (Supporting Information Fig. S6A). A one-
dimensional radial distribution function calculated for
the solvent around NVP revealed a similar profile for
RT-DNA-NVP and N348I/T369I RT-DNA-NVP com-
plexes (Supporting Information Fig. S6B). The mutants
also did not show any significant change in solvent-
accessible surface area (DSASA) of the NNRTI pocket
(Supporting Information Fig. S6C). Absence of any
appreciable structural changes at the global and local
(NNRTI pocket) level in the N348I/T369I RT-DNA-NVP
complex suggested that these mutations might propagate
changes by a dynamically driven allosteric mecha-
nism,64,65 that requires little or no structural change.
PSN analysis and allosteric communication
pathways in HIV-1 RT
Allostery by definition involves the binding of an effec-
tor molecule at one site that alters the structure and
function at a distant site. Two classical phenomenological
models, the Monod–Wyman–Changeux (MWC)66 and
Koshland–Nemethy–Filmer (KNF)67, have been used to
describe allsotery. However, these models were proposed
in the context of structure, and the important role of
protein dynamics was overlooked. The role of conforma-
tional dynamics in allostery was first proposed by
Weber68 and this led to a new ensemble-based formalism
termed as the “conformational selection and population
shift” model.69 NMR experiments have provided direct
support to this hypothesis.61,62,64,70 Given its broader
definition, it has been suggested that allostery is an
intrinsic property of proteins,71,72 and occurrence does
not require a change in shape.64,65
Rearrangements of residue–residue contacts could also
contribute to allosteric communications between spatially
distal sites in a protein. Therefore, we employed PSN
analysis,73,74 which takes side-chain interactions into
account to predict long-range allosteric communications
between distal sites. A network representation of protein
structures could shed light on (i) assessing long-range
impacts of NVP binding on RT-DNA complex and (ii)
structural basis for resistance conferred by the distal
mutations. Network parameters: hubs (highly connected
nodes), cliques (completely connected subgraphs, in
which a set of nodes are clustered), and communities (con-
nected cliques) were calculated using the software packages
Wordom,47 xPyder,48 and CFinder49. Nodes (residues)
with degree (number of node) >11 were identified as hub
(highly connected edges connected to the nodes) residues.
The details on the construction of the protein structural
network are described in the experimental section.
Hubs identified for all three complexes are displayed
in Figure 4(a) and listed in Supporting Information
Table S2 and the cliques are shown in Supporting Infor-
mation Fig. S7. Hub residues are known to be critical in
protein folding and stability.73 Therefore, many of the
hub residues are likely to be conserved across homolo-
gous proteins, or between different conformational states
of a protein. The number of hub residues in p51 is
higher than that in the p66 subunit, which reflects (i)
higher structural rigidity of p51 and (ii) an asymmetric
distribution of hub pattern despite both p51 and p66
having identical amino acid sequence. Comparison of the
hub patterns in RT-DNA-NVP versus RT-DNA revealed
an increase in the number of hubs upon NVP binding
[Fig. 4(A), Supporting Information Table S2]. The hub
patterns in the NVP complexes tend to be assortative
(hubs preferentially associating with other hubs) whereas,
the RT-DNA complex displays a disassortative pattern
(Supporting Information Fig. S8). This striking difference
in hub pattern is not surprising, because the binding of
an NNRTI to RT-DNA essentially enhances rigidity of
RT, as observed by HDX.12 We also found an increase in
the number of hubs at the p66/p51 dimer interface for
the RT-DNA-NVP complex. An increase in hub patterns,
in general, indicates a stronger oligomeric association in
protein complexes.74 The increase in interface hubs
upon NVP binding to RT may account for the experi-
mental finding that NNRTI binding enhances p66/p51
dimerization.75 Interface cluster-forming residues are
known to act as hotspots that mediate subunit interac-
tion in oligomeric complexes.76 We identified an inter-
face hub around residues Trp398 and Trp401 of p66 in
the RT-DNA-NVP complex, which is a known hotspot
that contains the tryptophan repeat motif (p66 residues
398–414) essential for RT dimerization.77 Increase in the
hub residues between fingers-palm, connection-RNase H,
and thumb-connection in the N348I/T369I RT-DNA-
NVP complex [Fig. 4(A)] indicated enhanced inter-
subdomain communication in the mutant complex.
To understand the allosteric changes in RT upon NVP
binding or the effect of connection mutations on the dis-
tal sites of RT, we analyzed the differences in the topol-
ogy of the interaction networks among the three
complexes. Higher order network parameters like clique
and community patterns were calculated for the entire
protein; however, we limit our discussion to the more
flexible p66 subunit and the mutated positions in p51.
All dynamically stable (if present in >50% of the trajec-
tory frames) cliques and communities for the three
R. S. K. Vijayan et al.
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complexes were used to construct putative communica-
tion networks in the three complexes [Fig. 4(B) and Sup-
porting Information Fig. S7]. Binding of NVP caused
significant reorganization of the cliques and community
patterns both adjacent to the NNRTI pocket and at spa-
tially distant sites [Fig. 4(B)]. Altered community pat-
terns in the fingers and palm subdomains may affect
dNTP binding to RT-DNA-NVP complex. New com-
munities appear in the thumb and connection subdo-
mains that may correlate with the observed rigidification
of the thumb and the connection upon NNRTI
binding.12
Polymerization by RT at the Pol site is known to occur
in concert with RNase H activity. Studies have estab-
lished a spatial and temporal interdependence between
the two spatially apart active sites.78 Henceforth, residues
D110 (polymerase active site) and D443 (RNase H active
site), were used as the end points to identify the shortest
communication path. The shortest communication paths
between the polymerase site and the RNase H site in all
three complexes are listed in Supporting Information
Table S3 and shown in Figure 4(B). Our analysis suggests
a communication path between the polymerase and
RNase H site, which passes through p51 subunit in the
RT-DNA complex [Fig. 4(B)]. The communication path
traverses via the NNRTI pocket (residues M230, P95,
K101, and Y181) suggesting that the NNRTI pocket resi-
dues are integral parts of the communication network
connecting both active sites of RT. The network predom-
inately passes through the p51 subunit indicating that
the p51 subunit, apart from its structural role, may also
mediate allosteric communications in RT. Upon NNRTI
binding, the p66/p51 dimer becomes more stable, and
the communication path passes through the dimer inter-
face. The p51 region N136-E138 that is involved in
dimerization and in NNRTI binding is a part of the
communication pathway.79
Residues N348 and T369 are predominantly sur-
rounded by hydrophobic and aromatic residues and
N348I/T369I mutations that enhance hydrophobicity
may help form stronger hydrophobic cores surrounding
the mutated residues. As a consequence, the N348I/T369I
mutant RT-DNA-NVP complex had an increased number
of hubs and stronger communities surrounding the
Figure 4
Hubs, communities, and communication paths identified from protein network analysis. (A) Hub residues identified for all the three complexes.
The hub residues are depicted as van der Waals spheres and color-coded by location (fingers blue; palm red; connection yellow; RNase H orange;
p51 gray). (B) Calculated communities and the shortest communication paths between the polymerase and RNase H active sites in the three com-
plexes; the communication pathway is represented by red lines. Community-forming residues are shown as van der Waals spheres and color-coded
based on the subdomains. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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mutation sites in both p51 and p66 (Fig. 4). The dense
community that is extended from the connection to the
RNase H active site reflects enhanced rigidity of the
region, which may contribute to the reduced RNase H
activity by the connection mutations.19 The putative
communication path between the polymerase and RNase
H active sites in the mutant complex is redirected
through the p66 connection subdomain.
The connection mutations have been shown to impact
DNA polymerization, enhance excision, reduce RNase H
activity, and enhance NNRTI resistance.20–22,24,80
Interestingly, the connection mutations also enhanced
the number of hubs and communities in the palm sub-
domain (Figs. 4 and 5; Supporting Information Table
S2), demonstrating enhanced rigidity of the region,
which includes the polymerase active site region, ATP-
binding site for excision, and NNRTI pocket. A kinetic
study revealed that N348I mutation decreases the rate of
association (Kon) of NVP to RT,25 which is apparently
due to the enhanced rigidity of the NNRTI pocket
caused by the connection mutation (Fig. 5). The impact
is less on small or flexible NNRTIs21,22 like efavirenz or
etravirine, respectively, that are more resilient to the
pocket changes by being more adaptive.81 However,
N348I and other connection mutations confer significant
resistance to efavirenz and etravirine only when they co-
evolve with NNRTI pocket mutations.21,22
The primary mechanism of resistance to AZT is by
excision,82,83 and RT develops EEMs that facilitate bind-
ing of ATP as excision agent.17 The enhanced rigidity of
the palm subdomain adjacent to the T215Y-mutated side
chain may enhance ATP binding (Fig. 5); this putative
effect may be analogous to the impact of L210W84
accompanying the T215Y/F mutation to enhance ATP
binding. This demonstrates that distal connection subdo-
main mutations contribute to drug resistance by altering
dynamic properties of RT and the residue–residue con-
tact network.
CONCLUSIONS
A molecular level understanding of the function of
HIV-1 RT and the mechanism of NNRTI inhibition and
resistance requires knowledge of both structure and
dynamics. Hence, all-atom MD simulations of the RT-
DNA, RT-DNA-NVP, and N348I/T369I mutant RT-
DNA-NVP complexes were carried out. PCA analyses
captured multiple key collective global motions of RT,
and PSN analyses captured the subtle changes in the
interaction network resulting from side-chain rearrange-
ments of RT in the three different complexes. Global
motions obtained from PCA-based essential dynamics
analyses revealed heterogeneity in their motion that is
different in different complexes of RT. NVP binding
alters the global motions of RT and also restricts RT
from sampling diverse conformations. Furthermore, PSN
analyses carried on MD trajectory revealed a long-range
Figure 5
A close view of the distributions of hub residues (red) in the palm subdomain that emerged around the polymerase active site region, ATP-binding
site (as an excision agent), and NNRTI pocket in the N348I/T369I mutant RT-DNA-NVP structure. Increases in the number of hub-forming resi-
dues imply enhanced structural rigidity around these regions. The common NNRTI-resistance mutation sites are shown as cyan spheres surround-
ing nevirapine (green). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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allosteric network in RT are also altered upon NVP bind-
ing or in the presence of connection subdomain muta-
tions N348I/T369I. Insights gained from the present
study provides a structural basis for understanding the
resistance mechanism associated with the connection
mutations, and the dynamic of coupling between the dif-
ferent subdomains of HIV-1 RT.
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